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Abstract As an attempt to investigate the dynamic interactions
between plasma serine protease, coagulation factor VIIa (VIIa)
and its cofactor, tissue factor (TF), we performed normal mode
analysis (NMA) of the complex of VIIa with soluble TF (the
extracellular part of TF; sTF). We compared fluctuations of CK
atoms of VIIa or sTF derived from NMA in the VIIa-sTF
complex with those of VIIa or sTF in an uncomplexed condition.
The atomic fluctuations of the CK atoms of sTF complexed with
VIIa did not significantly differ from those of sTF without VIIa.
In contrast, the atomic fluctuations of VIIa complexed with sTF
were much smaller than those of VIIa without sTF. These results
suggest that domain motions of VIIa molecule alone are
markedly dampened in the VIIa-sTF complex and that the sTF
molecule is relatively more rigid than the VIIa molecule. This
may indicate functions of TF as a cofactor.
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1. Introduction
Factor VII (VII) is a trypsin-like plasma serine protease
that initiates extrinsic blood coagulation. When activated
VII (VIIa) forms a complex with its cell surface receptor
and cofactor, tissue factor (TF), in the presence of Ca2
and phospholipids, the protease activity of VIIa towards its
natural substrates, factors IX and X, is enhanced by a large
magnitude. As a result of this process, the extrinsic coagula-
tion cascade is triggered [1^4].
Zymogen VII is a single-chain enzyme precursor with a N-
terminal Q-carboxyglutamic acid (Gla) domain (residues 1^39),
followed by two epidermal growth factor (EGF) domains,
EGF 1 (residues 50^81) and EGF 2 (residues 91^127), and a
C-terminal serine protease domain (residues 153^406).
Through the limited proteolysis of the Arg-152-Ile-153 peptide
bond, zymogen VII is converted to a two-chain form, VIIa,
bridged by a disul¢de bond (Cys-135-Cys-262), which is com-
posed of a light chain (residues 1^152) with Gla, EGF 1 and
EGF 2 domains and a heavy chain serine protease domain
(residues 153^406) [5]. However, the TF molecule consists of
two immunoglobulin-like extracellular domains, a single mem-
brane spanning region and a C-terminal cytoplasmic tail [6].
The four-domain structure of VIIa and the two-domain struc-
ture of TF form a tight complex (Fig. 1).
Despite that the crystal structure of the VIIa-soluble TF
(sTF; part of the extracellular domains of TF) complex has
been determined [7], the dynamic structure of the complex is
not well understood. B-factors derived from X-ray crystallog-
raphy usually indicate atomic £uctuations. However, it is dif-
¢cult to identify the internal motion alone for the complex
from the B-factors, since B-factors also exhibit external mo-
tions, such as lattice disorder. However, a normal mode anal-
ysis (NMA) allows for the isolation of only internal motions.
In addition, functionally important motions, such as ligand-
receptor binding motion [8], enzyme-inhibitor binding motion
[9,10] and enzyme-substrate binding motion [11], are also de-
tectable by calculating normal modes of low-frequency vibra-
tion. Studies on the dynamic character of the VIIa-sTF com-
plex may lead to an understanding of how the activities of
various plasma coagulation enzymes are enhanced by their
cofactors. In the present study, a NMA on the complex of
VIIa with sTF was performed. The dynamic structure of this
molecular complex will be discussed.
2. Materials and methods
2.1. Protein initial coordinates
The original three-dimensional (3D) structure coordinates of human
VIIa-sTF complex were obtained from the Brookhaven Protein Data
Bank (PDB) [12], (PDB code 1DAN) [7]. Some modi¢cations were
made. First, the coordinates of two regions (residues 81^90 and 159^
162) in human sTF were constructed via a CHIMERA modeling
system [13] based on the X-ray structure of free sTF (PDB code
1BOY) [14], because coordinates of these regions were lost due to
limited subtilisin digestion for crystallization [7,15]. Next, on the
VIIa structure, as convergence of the ¢ne optimization before NMA
(see below) was increased, the Gla domain was modi¢ed by replacing
all Gla residues with Gln and the calcium ions in the light chain were
removed so that the pluses and minuses of electric charges cancel out.
It is thought that the Gla domain is a £exible and unstable structure
in the absence of calcium ions. This is because the Gla domain has
strong electrostatic repulsion in the absence of calcium ions, as a
result of two negatively charged carboxyl groups in each Gla residue.
It seems that the above modi¢cation of the VIIa molecule has a
negligible e¡ect on the results. Based upon the assumption that the
potential surface is quadratic, the NMA is performed near initial
coordinates of the protein structure, which are derived from the
VIIa-sTF complex crystal structure. Then, the coordinates for the
C-terminal region of the VIIa light chain (residues 143^152) which
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were not obtained from the X-ray structure (PDB code 1DAN) were
not included in the calculations because of di⁄culty with homology
modeling. Finally, these molecules were re¢ned by energy minimiza-
tion with an AMBER united-atom force ¢eld [16] using the program
APRICOT [17]. The program PROCHECK [18] was used to evaluate
the stereochemical quality of the model. And then, uncomplexed co-
ordinates of VIIa and sTF were extracted from the modi¢ed VIIa-sTF
complex coordinates.
2.2. NMA
Thermal £uctuations were carried out using the method described
in a previous paper from our laboratory [19]. Before NMA, the above
initial structures were ¢nely optimized with a slightly modi¢ed force
¢eld of AMBER [16] and a threshold of 0.04 kcal/mol Aî for the
maximal component of atomic gradients. In our calculations, we as-
sumed that the molecules were in vacuo, but a distance-dependent
dielectric constant (r/Aî ) for electrostatic energies was maintained
[20]. The electrostatic potential and the van der Waals potential
were cut o¡ at 9.0 Aî and were switched smoothly and continuously
to the value of zero at 10.0 Aî . All the torsional angles around the
rotatable bonds (except for the peptide C^N bond) were included as
independent variables. The £uctuation of atoms was calculated by
assuming a temperature of 300 K using normal modes and vibrational
frequencies. For the calculation of complex, relative motions (trans-
lation and rotation) between constituent molecules were also included.
In order to compare the atomic £uctuations of the single molecule
with that of the constituent molecules in the complex within the same
framework, we focused our attention on the internal £uctuation. If we
de¢ne the fragmental target part of the system, arbitrary atomic dis-
placements can be separated into internal and external components of
that part: vri =vrinti +vr
ext
i , where vr
int
i contains displacement compo-
nents which satisfy the local Eckart’s condition [21] in the target part
and vrexti contains external motions (translation and rotation) as a
rigid body in the whole system. The internal £uctuation can be de¢ned
as the root mean square of the internal displacement vrinti .
3. Results and discussion
3.1. Fluctuations of the VIIa-sTF complex
At ¢rst, normal modes were calculated for the VIIa-sTF
complex. The number of modes obtained from the NMA
was 2537. The lowest and highest frequencies were 3.57
cm31 and 840.45 cm31. The range of the obtained modes
corresponds with a vibrational timescale of 0.04^10 ps. The
three lowest frequencies were 3.57, 4.39 and 5.44 cm31. Fig. 2
shows the £uctuations of CK atoms obtained from the NMA
and B-factors. The lower graph shows the £uctuation ob-
tained from NMA, while the upper graph shows the £uctua-
tion derived from B-factors obtained from X-ray crystallog-
raphy. The two curves were similar, indicating the same peak
pattern. There were some di¡erences, which may be due to
non-internal motions, such as lattice disorder. The N-terminal
Gla domain of the VIIa light chain and the region of residues
80^90 in the sTF have considerable mobility, even in the VIIa-
sTF complex. The former may actually tighten in the event of
formation of a complex with TF on the cell surface. The latter
is located near the VIIa protease domain, but was not in
direct contact with the VIIa molecule, and the biological sig-
ni¢cance of this £exibility is not clear.
3.2. Comparison of uncomplexed sTF with complexed sTF
£uctuations
We next calculated normal modes of uncomplexed sTF and
compared them with those of the complexed form. The £uc-
tuations of the complexed sTF with VIIa were extracted from
the normal mode calculations of the VIIa-sTF complex in
such a way that all external motions of the sTF molecule
were eliminated by Eckart’s condition [21]. The number of
modes obtained from the NMA of uncomplexed sTF was
879. The modes covered a frequency range of 7.39^840.45
cm31. The range of the obtained modes corresponds with a
vibrational timescale of 0.04^5 ps. The three lowest frequen-
cies were 7.39, 8.78 and 11.54 cm31. Fig. 3 shows the £uctua-
tions of CK atoms derived from the total motions obtained
from NMA of uncomplexed sTF (broken line) and those of
the total internal motions of sTF extracted from the NMA on
the VIIa-sTF complex (continuous line). There was no large
di¡erence in the tendencies of the two £uctuations. Human
TF is a type I integral membrane glycoprotein with 263 res-
idues. TF has been classi¢ed as a member of the cytokine/
hematopoietic growth factor receptor family, in which the
extracellular domain contains two tandem seven L-strands,
called N-module and C-module (residues: Thr-13^Thr-17,
Lys-20^Glu-24, Gln-32^Thr-40, Lys-46^Lys-48, Glu-56^Asp-
58, Tyr-71^Pro-79, Leu-93^Asn-96 in the N-module and Ile-
113^Val-119, Lys-122^Val-127, Ile-152^Trp-158, Lys-166^
Thr-170, Glu-174^Asp-178, Cys-186^Val-192 in the C-mod-
ule; these regions have been identi¢ed by X-ray crystallogra-
phy [7,14]). These strand regions corresponded to the minima
Fig. 1. Representation of the 3D structure of the modi¢ed VIIa-sTF
complex (see Section 2). Red, VIIa; green, sTF.
Fig. 2. Fluctuations of CK atoms obtained from B-factors deter-
mined by X-ray crystallography (PDB code 1DAN, broken line) [7]
and the calculated £uctuations of CK atoms derived from the total
motions of the NMA (continuous line).
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of the £uctuations of CK atoms derived from each NMA.
These L-strands interact with adjacent strands and form a
sca¡old. The peaks of £uctuations corresponded to the loop
region which connected each strand. The regions where the
£uctuations changed corresponded to the regions in contact
with the VIIa molecule and were residues: Thr-17^Glu-24,
Gln-37^Ser-39, Gly-43^Trp-45, Lys-48^Phe-50, Glu-56^Asp-
58, Arg-74^Phe-76, Pro-92^Tyr-94, Gln-110, Arg-131^Leu-
133, Phe-140, Trp-158, Ser-163^Lys-165, Cys-186 and Val-
207^Cys-209 [7]. In these regions, the £uctuations of uncom-
plexed sTF became weak when sTF bound to VIIa. However,
these changes in £uctuations in the case of uncomplexed or
complexed sTF were smaller than in the case of VIIa (dis-
cussed below). Fig. 4 shows the atomic displacement vectors
of uncomplexed sTF in the two lowest normal modes with
frequencies 7.39 cm31 (A) and 8.78 cm31 (B). Hinge bending
and twisting motions were found between N-module and C-
module in these low-frequency modes. This ¢nding is consis-
tent with the information obtained from X-ray crystallogra-
phy of the extracellular domain of rabbit TF [22]. These two
motions corresponded with a vibrational timescale of approx-
imately 4^5 ps.
3.3. Comparison of uncomplexed VIIa with complexed VIIa
£uctuations
Finally, we calculated normal modes of the uncomplexed
VIIa and compared them with those of the complexed form
by using Eckart’s condition. Also, the internal £uctuations of
the VIIa complexed with sTF were extracted from those of the
VIIa-sTF complex. The number of modes obtained from the
NMA of uncomplexed VIIa was 1652. The range of frequency
modes obtained from the NMA was 0.98^941.82 cm31. This
range corresponded to a vibrational timescale of 0.04^34 ps.
Fig. 3. Fluctuations of CK atoms derived from the total motions of
the NMA of the uncomplexed sTF (broken line) and those of the
total internal motions of sTF extracted from the NMA of the VIIa-
sTF complex (continuous line).
Fig. 4. Stereo drawing of atomic displacement vectors (magni¢ed by
a factor 1000) of uncomplexed sTF. (A) The lowest normal mode,
with frequency 7.39 cm31, and (B) the second lowest normal mode,
with frequency 8.78 cm31.
Fig. 5. Fluctuations of CK atoms derived from the total motions of
the NMA for the uncomplexed VIIa (broken line) and the com-
plexed VIIa (continuous line). (A) The NMA was done in such a
way that all external motions of the VIIa molecule were eliminated
by Eckart’s condition [21]. (B) In the case that the motion of the
light chain was accompanied only by internal motion and that of
the heavy chain involved purely external motion. (C) In the case
that the motion of the heavy chain was accompanied only by inter-
nal motion and that of the light chain involved purely external mo-
tion.
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The three lowest frequencies were 0.98, 1.15 and 1.72 cm31.
Fig. 5 shows £uctuations of CK atoms derived from the total
motions of the NMA for uncomplexed VIIa (broken line) and
those of complexed VIIa (continuous line). The £uctuations of
CK atoms in the free VIIa were much larger than those in the
free sTF in Fig. 3, especially in the light chain region of VIIa.
However, these £uctuations markedly diminished when the
VIIa molecule was bound to sTF (Fig. 5A). Next, we focused
our attention on the light chain of the VIIa molecule. The
motions from each normal mode of complexed and uncom-
plexed VIIa were compared by shifting the center of gravity of
the entire VIIa molecule to the center of gravity of only the
light chain (Fig. 5B). That is, the pure external motions were
projected out around the gravity center of the light chain.
Owing to this conversion, the £uctuations of the light chain
in the free VIIa were decreased. However, the £uctuations of
the heavy chain in the uncomplexed VIIa increased in size.
These results signify domain motions between the light chain
and heavy chain. Next, we focused our attention on the heavy
chain in a similar way (Fig. 5C). In this case, the £uctuations
of the heavy chain and EGF 2 region (residues 91^127) in the
uncomplexed VIIa were not di¡erent from those of the com-
plex form and the £uctuations of only the light chain (except
for EGF 2) in the uncomplexed VIIa increased in size. Sur-
prisingly, when we focused on the light or heavy chain, we
found the £uctuations in the complexed VIIa to be over-
whelmingly smaller than those in the uncomplexed VIIa
(Fig. 5B,C). These ¢ndings suggest that uncomplexed VIIa
has domain motions between the light chain and the heavy
chain and that these motions diminish when the VIIa mole-
cule forms a complex with sTF. However, even in an uncom-
plexed state, the EGF 2 domain in the light chain merged with
the protease domain. Also, we found that the three lowest
frequencies contributed the most to the total £uctuation
(Fig. 6). The frequencies of these modes were 0.98, 1.15 and
1.72 cm31. These low frequencies did not exist in the modes
obtained from the complexed VIIa (in the case of the com-
plex, the lowest frequency was 3.57 cm31). Fig. 7 shows the
atomic displacement vectors of uncomplexed VIIa in the low-
est normal modes with frequencies 0.98 cm31 (A) and 1.72
cm31 (B). It is easily understood from these vectors that there
are domain motions between the Gla, EGF 1 and EGF 2
domain merged with the protease domain of uncomplexed
VIIa. According to a previous report utilizing £uorescence
anisotropy decay experiments [23], VIIa segmental motions
are dampened when VIIa binds to sTF. Our calculations
have con¢rmed this.
4. Conclusion
In conclusion, the £uctuations of the sTF molecule without
its ligand, VIIa, were not much di¡erent from those of sTF in
the complex with VIIa. Furthermore, the structure of sTF in
the VIIa-sTF complex was very similar to that of uncom-
plexed sTF [7,14]. These ¢ndings suggest that the TF molecule
is a rigid sca¡old and behaves as if it is anchored to the cell
surface when TF traps its ligand, the VIIa molecule. On the
other hand, the £uctuations of uncomplexed VIIa were mark-
edly diminished when the VIIa-sTF complex formed. Such
diminished £uctuations were composed mainly of the three
lowest frequency vibrational modes, which involved do-
main motions between the Gla, EGF 1 and EGF 2 domain
merged with the protease domain of uncomplexed VIIa. These
simulations support the suggestion that VIIa segmental mo-
tions were dampened when VIIa bound to sTF [23]. This
fastening of the conformation of the enzyme VIIa by its co-
factor TF is important for the recognition of the natural sub-
strate factors IX and X. This is one of the functions of TF as
a cofactor.
Fig. 6. The calculated £uctuation of the uncomplexed VIIa derived
from the NMA. The broken line shows £uctuation of a sum of con-
tributions from all frequency modes. The continuous line shows
£uctuation of a sum of contributions from the modes with the three
lowest frequencies.
Fig. 7. Stereo drawing of atomic displacement vectors (magni¢ed by
a factor 1000) of uncomplexed VIIa in the ¢rst and third lowest
normal modes with frequencies 0.98 cm31 (A) and 1.72 cm31 (B).
FEBS 22996 2-12-99 Cyaan Magenta Geel Zwart
K. Soejima et al./FEBS Letters 463 (1999) 19^2322
Acknowledgements: The authors thank Professor Sadaaki Iwanaga
(Fujita Health University) for many helpful discussions and a critical
reading of the manuscript. We also thank Dr. Kouji Ogata (Kitasato
University) for helping in the operation of the program, Dr. Mayuko
Takeda-Shitaka (Kitasato University) for helpful discussions and
Charles Brown and Tim Corrigan for reading the manuscript.
References
[1] Silverberg, S.A., Nemerson, Y. and Zur, M. (1977) J. Biol.
Chem. 252, 8481^8488.
[2] Nemerson, Y. (1988) Blood 71, 1^8.
[3] Edgington, T.S., Mackman, N., Brand, K. and Ruf, W. (1991)
Thromb. Haemost. 66, 67^79.
[4] Davie, E.W., Fujikawa, K. and Kisiel, W. (1991) Biochemistry
30, 10363^10370.
[5] Hagen, F.S., Gray, C.L., O’Hara, P., Grant, F.J., Saari, G.C.,
Woodbury, R.G., Hart, C.E., Insley, M., Kisiel, W., Kurachi, K.
and Davie, E.W. (1986) Proc. Natl. Acad. Sci. USA 83, 2412^
2416.
[6] Bazan, J.F. (1990) Proc. Natl. Acad. Sci. USA 87, 6934^6938.
[7] Banner, D.W., D’Arcy, A., Chene, C., Winkler, F.K., Guha, A.,
Konigsberg, W.H., Nemerson, Y. and Kirchhofer, D. (1996) Na-
ture 380, 41^46.
[8] Ma, J. and Karplus, M. (1997) J. Mol. Biol. 274, 114^131.
[9] Ishida, H., Jochi, Y. and Kidera, A. (1998) Proteins 32, 324^
333.
[10] Takeda-Shitaka, M., Kamiya, K., Miyata, T., Ohkura, N., Ma-
doiwa, S., Sakata, Y. and Umeyama, H. (1999) Chem. Pharm.
Bull. 47, 322^328.
[11] Miller, D.W. and Agard, D.A. (1999) J. Mol. Biol. 286, 267^278.
[12] Bernstein, F.C., Koetzle, T.F., Williams, G.J., Meyer Jr., E.F.,
Brice, M.D., Rodgers, J.R., Kennard, O., Shimanouchi, T. and
Tasumi, M. (1977) J. Mol. Biol. 112, 535^542.
[13] Yoneda, T., Komooka, H. and Umeyama, H. (1997) J. Protein
Chem. 16, 597^605.
[14] Harlos, K., Martin, D.M., O’Brien, D.P., Jones, E.Y., Stuart,
D.I., Polikarpov, I., Miller, A., Tuddenham, E.G. and Boys,
C.W. (1994) Nature 370, 662^666.
[15] Kirchhofer, D., Guha, A., Nemerson, Y., Konigsberg, W.H.,
Vilbois, F., Chene, C., Banner, D.W. and D’Arcy, A. (1995)
Proteins 22, 419^425.
[16] Weiner, S.J., Kollman, P.A., Case, D.A., Singh, U.C., Ghio, C.,
Alagona, G., Profeta Jr., S. and Weiner, P. (1984) J. Am. Chem.
Soc. 106, 765^784.
[17] Yoneda, S. and Umeyama, H. (1992) J. Chem. Phys. 97, 6730^
6736.
[18] Laskowski, R.A., McArthur, M.W., Moss, D.S. and Thornton,
J.M. (1993) J. Appl. Crystallogr. 26, 283^291.
[19] Sumikawa, H., Suzuki, E., Fukuhara, K., Nakajima, Y., Kamiya,
K. and Umeyama, H. (1998) Chem. Pharm. Bull. 46, 1069^1077.
[20] Loncharich, R.J. and Brooks, B.R. (1989) Proteins 6, 32^45.
[21] Eckart, C. (1935) Phys. Rev. 47, 552^558.
[22] Muller, Y.A., Kelley, R.F. and de Vos, A.M. (1998) Protein Sci.
7, 1106^1115.
[23] Waxman, E., Laws, W.R., Laue, T.M., Nemerson, Y. and Ross,
J.B. (1993) Biochemistry 32, 3005^3012.
FEBS 22996 2-12-99 Cyaan Magenta Geel Zwart
K. Soejima et al./FEBS Letters 463 (1999) 19^23 23
